Purpose To evaluate and compare the multiparameter equations in correcting intraocular pressure (IOP) measurements obtained using the Goldmann applanation tonometer (IOPG) for the effects of central corneal thickness (CCT), corneal curvature (R), and age in different ethnic populations. Methods Data of IOPG, CCT, R, and age were collected from three clinical centers. The sample size consisted of 945 eyes of 945 glaucoma patients or suspects (669 Europeans, 127 African Americans, and 149 Indians). The 'corrected IOP' was calculated using five multiparameter equations to decrease the association of CCT, R, and age with measured IOP. Regression analyses were performed to calculate variance (r 2 ) and determine the association of CCT, R, and age with IOPG and corrected IOP (residual association). Results Overall, CCT accounted for the majority of variance in IOPG, while R and age had a much smaller effect, with the combined effect on IOPG ranging from 4.7 to 7.5% in the three data sets. The residual association of CCT, R, and age with corrected IOP in the three groups ranged from 0.2 to 1.3% and 0.5 to 1.8% with the application of the Elsheikh and the Chihara equations, respectively. The residual association of CCT, R, and age with corrected IOP calculated using the Ehlers, Orssengo and Pye, and Shimmoyo equations were 7-11.5, 1.8-11.7, and 4.6-8.3%, respectively. Conclusion The Elsheikh and the Chihara equations better decreased the association of CCT, R, and age with measured IOP than the Ehlers, Orssengo and Pye, and Shimmoyo equations.
Introduction
Intraocular pressure (IOP) measurement is an integral part of the evaluation of patients at risk of glaucoma as IOP is closely related to progressive damage in both primary open-angle and normal tension glaucoma. [1] [2] [3] Current management strategies are based on lowering IOP as the only proven method to slow the progression of glaucomatous damage. 4 Numerous studies have evaluated the factors that affect the accuracy of IOP measurements made by the clinically available tonometers, and in particular the Goldmann applanation tonometer (GAT), the reference standard in tonometry. 5 As identified previously, the IOP measurements obtained using the GAT (IOPG) are known to vary with changes in biomechanical parameters that affect corneal stiffness, predominantly the central corneal thickness (CCT), 6, 7 central corneal radius of curvature (R), 8, 9 hydration, 10,11 ectasia, 12 and age. 13, 14 Recently studies have reported that the 'new age' tonometers like the Pascal dynamic contour tonometer (DCT) 15 and the ocular response analyzer 16 are less affected by the physiological variations in the biomechanical parameters of the cornea. However, these devices are not available universally and the GAT remains the most commonly used device to measure IOP. 5 Studies have previously developed equations to compensate for various corneal biomechanical parameters that influence IOP obtained via applanation tonometry. Some of the correction equations were based on regression analysis of clinical data, 17, 18 results of manometry experiments, 19 ,20 mathematical analysis, 21 or finite element simulations. 22 Recently Elsheikh and coworkers 22 proposed a new multiparameter correction equation that mitigates errors induced by CCT, central corneal radius of curvature (R), age, and level of IOP. The equation was expected to diminish the association between IOP measurements made using GAT and CCT, R, and age. The validity of this equation was evaluated in both an in vitro experimental study and a small clinical population. 22, 23 The aim of this study was to evaluate the efficacy of the Elsheikh's equation and all other available multiparameter equations developed earlier by Ehlers, 19 Shimmyo, 18 Orressengo and Pye, 21 and Chihara 17 in various ethnic populations.
Methods
The data sets used in this study were collected from three different centers: (1) Moorfields Eye Hospital (MEH) NHS Foundation Trust (London, UK); (2) Medical Research Foundation (MRF), Sankara Nethralaya (Chennai, India); and (3) The Eye Center at Southern College of Optometry (Memphis, TN, USA). The data sets obtained from MEH and MRF were obtained for the purposes of other studies. 24 The MEH data set included White Europeans, whereas the data set from the MRF involved only Indians. To investigate the efficacy of the five correction equations considered in the study in individuals of African-American descent, a chart review was performed at the Eye Center of the Southern College of Optometry to identify patients who met the inclusion criteria of the study. Participants of the three data sets will be referred to as Europeans, Indians, and African Americans, respectively. The study was approved by the Institutional Review Boards and Ethics Committees at the respective study centers and conducted in accordance with the tenets of the Declaration of Helsinki.
Participants included in the study had no history of corneal pathology or surgery and measurements obtained for the study purposes were not made during the postoperative period of intraocular surgeries. The age, the patient's highest recorded untreated IOP (IOPG) and measurements of CCT and R were utilized. The CCT was measured using ultrasound pachmeter at all study centers. The MEH utilized Altair 2000 (Optikon Corp., Kitchener, ON, Canada), MRF utilized BVI Pocket Pachymeter (BV International, Clermont-Ferrand, France), and Southern College of Optometry utilized DGH-550 Pachette 2 (DGH Technology, Exton, PA, USA). Because R measurements are not routinely performed in clinical practice, they were not available for the AfricanAmerican data set and a value of 7.8 mm (the average value for the African-American population as reported by Shimmyo and co-workers 18 ) was used for calculations.
Only one, randomly selected, eye of an individual was utilized for the study purposes. The sample size consisted of 945 patients, of which 669 were Europeans, 149 Indians, and 127 African Americans. All participants were either diagnosed with, or were at risk of, glaucoma that is ocular hypertension and/or optic disc/visual field features, suggesting glaucoma. Table 1 provides the patient demographics for the three data sets along with the instruments used to measure CCT and R in the three study centers.
Correction equations
The correction equations that were evaluated in the study included all the multiparameter equations that were available in the literature to correct the IOP as measured using GAT from the errors induced due to variations in corneal biomechanical parameters. Detailed information on the background and development of equations are published elsewhere. [17] [18] [19] 21, 22 Briefly, the equations provide estimates of the true IOP based on IOP measurements using GAT (IOPG) and corneal biomechanical parameters in the form:
where in equation 1 where A is the area of contact with the tonometer ¼ p Â 1.53 2 , B c and C c the same as B and C, but consider the average CCT and R. In all equations, true IOP and IOPG are in mm Hg, CCT in mm, R in mm, and age in years. Equation 2 was derived in this study based on the correction values presented in the original paper of Ehlers et al. 19 The equation parameters were derived using the least squares method leading to a root-mean-squared error of 0.12 mm Hg.
Statistical analysis
Analysis of variance was utilized to examine the difference in parameters of various groups. Univariate regression analysis was performed to evaluate the effect of three parameters, namely the CCT, R, and age, on both the measured IOP and the corrected values obtained by the five correction equations. However, because CCT, R, and age co-vary, the combined effect of these parameters was analyzed using multiple regression analysis. Forward stepwise multiple linear regression analysis was performed to evaluate the combined effect of the three parameters on both the measured and corrected IOP. Both the univariate and multivariate analysis results are reported along with the r 2 values in Table 2 . An r 2 value of 1.0 is equal to a 100%; therefore, for clarity we will report the r 2 in percentage values henceforth.
Results Table 1 provides mean values of the corneal parameters and the highest recorded IOPG in the three populations considered in the study. Examining for differences in various populations, age was found to be significantly different between centers (ANOVA F ¼ 4.46; P ¼ 0.011). Tukey contrasts revealed that mean age was significantly greater in the African-American group when compared with Indians, whereas the difference between the Europeans and Indians was not significant. The difference in radius of curvature was not significant among Europeans and Indians (ANOVA F ¼ 2.89; P ¼ 0.09). The CCT and IOP were significantly different between all the groups (ANOVA F ¼ 64.80; Po0.0001 and F ¼ 165.08; Po0.0001, respectively).
Effect of corneal parameters and age on measured IOP Table 2 provides the r 2 , which indicates the amount of variance in measured IOP accounted for by the individual parameters using both univariate and multivariate regression analyses. Evaluating the results of univariate regression analysis, it is found that CCT accounts for the most variance in measured IOP in all three populations compared with the effect of R and age. Figure 1 shows the scatter plots of association of IOP with CCT, R, and age for all the ethnic populations evaluated. Evaluating the scatter plots, it is found that the associations with CCT and R were in the same direction in all three populations.
As noted by several earlier studies, 3, 6, 7 there was a significant positive association between CCT and IOPG, with the IOPG on average being greater in individuals with thicker CCT when compared with those with thinner CCT. The CCT accounted for 7.2, 3.6, and 6.6% of the IOP variance in Europeans, Indians, and African Americans, respectively.
The association between R and IOPG was also consistent with earlier findings, 8, 18, 25, 26 with IOP being greater in steeper than average corneas and lower in flatter corneas. However, this trend was not statistically significant with R accounting for only 0.3% of the variance in IOP in Indians and 0.0007% in Europeans.
Similarly, the association of IOPG with age was not statistically significant for all populations. Evaluating the Evaluation of tonometric correction equations PG Davey et al scatter plots, it is found that the association of IOPG and age was not in the same direction for all populations. Both Europeans and Indians showed a positive association for IOPG with age (r 2 ¼ 0.005 and 0.00006), whereas in African Americans the measured IOPG had a negative slope, indicating a decrease in IOPG with increasing age, albeit the association was not statistically significant (see Figure 2 and Table 2 ). Table 2 presents the change in r 2 with the addition of parameters in the multiple regression analysis. As CCT accounted for the greatest amount of variance in IOP when compared with age and R, it was decided to start the multivariate linear regression analysis model with CCT and add either age or R or both in assessing variance in measured IOP. In Europeans, the association between age and IOPG is greater than R and IOPG in univariate analysis (0.5 vs 0.0007%). Adding age to CCT in multivariate linear regression analysis led to an increase in accounting of IOP variance of 0.3% (from 7.2 to 7.5%). Adding corneal radius of curvature to the multivariate model that included CCT and age did not account for any further variance.
Multivariate analysis
In contrast, R accounted for greater variance than age in the univariate linear regression analysis in Indians, and when added to the multivariate regression model of CCT and IOPG, it accounted for an additional 1% in variance leading to a total of 4.6%. Adding age to the multivariate model of CCT and corneal radius of curvature resulted in a total variance of 4.7% in IOPG.
In the African-American population, adding age to the univariate model of CCT and IOP did not account for any additional variance. The effect of R could not be evaluated in this population as it was not available. CCT is central corneal thickness in microns; R is mean corneal radius of curvature; age is in years. The r-square of linear regression analysis is given for both univariate and multivariate association of various parameters and IOP represents the amount of variance accounted for. An r-square value of 1.0 is equal to a 100 percent of variance accounted. The statistical significance is evaluated using the regression analysis P-value. The r-square value in bold represents a P value of o0.05, numbers is bold and italics represents a P value of o0.01. The numbers in bold, italics and underlined or bold, italics and double underlined represents P-value of o0.001 or o0.0001 respectively.
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Residual effect of corneal parameters and age on corrected IOP Table 2 further provides the r 2 of univariate and multivariate analysis of CCT, R, and age on corrected IOP as obtained by the five correction equations. Figure 2 shows the scatter plots of the residual effect of CCT on corrected IOP as obtained using various corrections in Europeans, Indians, and African Americans.
Univariate analysis
Evaluating the residual effect of CCT on corrected IOP in scatter plots, it is found that Elsheikh equation had a flat line or a weak negative slope indicating optimal correction or slight overcorrection in different populations and the Chihara equation had a flat line or weak positive slope indicating optimal or slight under correction of IOP. Whereas the slope was negative when examining corrected IOP obtained using the Ehlers, Orressengo and Pye, and Shimmyo equations indicating overcorrection of IOP. The residual association of CCT and corrected IOP in various populations obtained using the Elsheikh equation and Chihara equation ranged from 0.1 to 1.7% and from 0.1 to 1.6%, respectively. The residual associations between the CCT and corrected IOP of Ehlers, Orressengo and Pye, and Shimmyo equations were in the ranges 7.0-11.2, 1.8-9.3, and 4.5-7.5% respectively. On the other hand, R and age did not have any significant residual associations with corrected IOP as obtained by any of the five correction equations considered.
Multivariate analysis
As noted previously, in the univariate analysis, both R and age only accounted for a small residual variance in corrected IOP. The addition of these parameters to CCT in the multivariate analysis accounted for only small increments in the r-square values. The r-square values obtained using multivariate regression analysis indicate that the residual associations between corrected IOP and the parameters of CCT, age and R were in the ranges 0.2-3% (Elsheikh equation) and 0.6-1.9% (Chihara equation). The Orssengo and Pye equation had residual associations in the range 1.8-9.5% with the association of various parameters with corrected IOP being weaker in European and African American populations when compared to the Indian population. On the other hand, while using the Ehlers and the Shimmyo equations, the combined association of CCT, R and age was greater for corrected IOP when compared to uncorrected IOP with r-square ranging from 7.1 to 11.5% and 4.6 to 8.3%, respectively, indicating an overcorrection.
Discussion
Reduction of IOP is an important part of glaucoma management but the accuracy of its measurements is affected by a number of error sources including the variations in biomechanical parameters such as corneal thickness, curvature and age. 15, 27 Whilst methods that improve the estimate of IOP and decrease the effects of errors are a welcome development, it should be remembered that the error reduction is an average effect across a population; corrections at an individual level result in measurements that are likely to be more accurate, however, the corrections are made with parameters associated with biomechanical properties, rather than the biomechanical properties themselves, so correction errors at the individual level may occur. This study evaluated by both univariate and multivariate analyses the association of biomechanical parameters with IOP as measured using the GAT (IOPG) and after correction using the five available multi-parameter correction equations. [17] [18] [19] 21, 22 The univariate analysis has the advantage of examining the associations individually and determining the trends of association with the examined parameter, whereas multiple regression analysis evaluates the combined effect of different parameters. Both univariate and multivariate analysis indicate that the CCT is the major source of error in IOP with R and age contributing to a lesser extent.
Examining the results of the univariate analysis we find there was a significant positive association between CCT and measured IOP in all populations, whereas there was a negative linear association between R and measured IOP which was not statistically significant. The level of association between measured IOP and corneal parameters is reported by numerous other publications and the results of the present study are within the range of association reported. 13, 19, 25 The association of age with IOP is more recently researched and some studies have shown age-related biomechanical changes in cornea 23, 28 and a weak, albeit significant, positive association between age and measured IOP. 13, 14 In this study, the level of association is below what was reported previously and is not consistent across the three ethnic groups considered. While there is a weak positive association between age and measured IOP in both Europeans and Indians, the association has a negative slope in African Americans and, contrary to earlier reports, the association between age and the IOG is not statistically significant in this study. A number of reasons could explain this outcome. The present study was not designed to examine the association between age and measured IOP in various ethnicities and the mean age was significantly different in African Americans compared to Europeans and Indians. Furthermore, the issue of age-related biomechanical changes to the cornea is complex with parameters such as the long-term exposure to high IOP in glaucoma and the level of glucose in the aqueous possibly having an effect. 29, 30 This study included both glaucoma patients and suspects and did not exclude diabetics and that may have had an effect on the outcome. It is indeed possible that age-related changes are different in different ethnic groups based on the differences in nutritional, environmental or genetic issues, but this hypothesis requires further study.
Examining the multiple regression equations we find that although CCT is the major source of error, adding R and/or age accounts for additional variance in measured IOP both in Europeans and Indians. This makes a case for the need of multi-parameter equations that accounts for age and R along with CCT. The association of R and IOPG in African Americans could not be evaluated as the measurements of R were not available. This shortfall could be addressed in a future study especially because the mean R is flatter in African American group when compared to Europeans. 18 The multi-parameter correction factors for tonometry can simultaneously account for errors induced by various parameters thus improving the accuracy of measurements obtained with GAT; a device that is considered the reference standard in clinics worldwide. 5 The use of multi-parameter correction equations on the IOPG could decrease the level of association with CCT, age and R that influence the IOP measurement. This study evaluated the use of five multi-parameter equations in a large clinical population with different ethnic groups. Overall, the Elsheikh and Chihara equations were able to decrease the association of IOPG with CCT, R and age. These results are consistent with our prior publication that evaluated in vitro the efficacy of the same correction equations. 23 The application of the Ehlers and Shimmoyo correction equations to IOPG increased the association between corrected IOP and the parameters examined (CCT, R and age) in all three populations. While the values of r-square with uncorrected IOP were 7.5, 4.7 and 6.6% for the European, Indian and African American groups, respectively, the r-square increased to 11.5, 11.7 and 7.1% with Ehlers equation, and 7.9, 8.3 and 4.6% with Shimmyo equation. Overall, the residual error was greater when using the Ehlers correction than the Shimmyo equation (about 3-4%). Further, the Orssengo and Pye equation overcorrected IOP for the effect of CCT. This can be seen in univariate analysis as the association between CCT and the IOP corrected with Orssengo and Pye equation had a negative slope similar to that obtained with Ehlers and Shimmyo corrections albeit with smaller value (see Figure 2) .
Both the multivariate and univariate analyses indicated that all correction equations varied in their degree of efficacy when applied in different ethnic populations. This may be due to sample size differences between populations, or 'true' ethnic differences in corneal dimensions and biomechanical properties in the populations examined. Nevertheless since there were consistent decreases in the strength of association between CCT, R and age when IOP corrected using the Elsheikh and Chihara equations, these equations are expected to provide a closer approximation of 'true' IOP than GAT measurements. This study has the advantages of examining in a large population the efficacy of various correction factors. The data were obtained by various practitioners and using different equipment in different ethnic populations, thus simulating a true clinical picture. One of the limitations of the study is the retrospective design, which made it not possible to obtain R in African Americans. However, the small effect of this parameter on the association with IOP indicated clearly that this omission in the data was unlikely to considerably affect the final study outcomes.
Both the univariate and multivariate analyses showed that CCT was a more important source of error in tonometry than R and age. However, there are other error sources that influence the values obtained by GAT and cannot yet be accounted for including the measurement error, calibration issues, misalignment of the tonometric mires, valsalva maneuver, nervousness and forced eyelid closure. Furthermore, the correction equations are still unable to address the effects on IOPG due to a number of factors that influence corneal stiffness such as the long exposure to high levels of IOP in glaucomatous eyes, the chronic use of topical glaucoma medications, variations in corneal asphericity, wound healing following surgery or injury, 31,32 diurnal hydration, 10,11 ectasia 12,33 and diabetes. 29, 30 Research is needed to assess the significance of these effects and to quantify them if necessary before their effect on IOPG could be considered.
The accurate measurement of IOP is an important component in the management of all forms of glaucoma. While it has been claimed that new contact tonometers, in particular the DCT can provide IOP estimates that are less affected than GAT by the effects of corneal stiffness, 34, 35 GAT still maintains its worldwide position as the reference standard in tonometry 5 and the most commonly used device in clinical practice. The results of this study, which identify the suitability of two multiparameter correction equations in reducing the stiffnessrelated errors in IOP measurement, should therefore be considered a step in the right direction to potentially lead to better clinical management of glaucoma. Additionally one has to remember that the CCT values are an independent predictor of development of primary open angle glaucoma. 36 
Summary
What was known before K Goldmann applanation tonometry is influenced by corneal thickness, radius of curvature and age. Numerous correction factors are available.
What this study adds
K Clinical evaluation of existing correction factors and provides evidence for which factors perform better.
